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ABSTRACT 
Synthesis and Deposition of Adsorbents for Gas Sensing and Catalytic Applications 
Jose M. Bermudez 
Advisors: Dr. Wei-Heng Shih and Dr. Wan Shih 
 
 
 
 
Inorganic porous materials are necessary for a wide range of applications such as 
catalytic systems and sensor technologies.  In this thesis, we studied inorganic porous 
materials whose properties such as thermal stability, specific surface area, and chemical 
homogeneity that are critical for catalytic oxides and adsorption capacity for gas sensors.  
In particular, we examined (1) the formation of manganese oxide nanoparticles for 
catalytic support applications and (2) SiO2-nanolayer deposition on noble-metal surfaces 
for gas sensing applications.  The control of properties is closely related to the processing 
method.  A colloidal coating method is used to enhance specific surface area of alumina-
supported manganese oxide. We showed that the presence of alumina increased the 
specific surface area of manganese oxide 30 times due to the formation of fine rod-
shaped manganese-oxide nanoparticles which did not exist in the absence of alumina.  
The presence of the alumina support altered the pH condition of the precipitation of 
manganese hydroxide resulting in the change of morphology.  For the SiO2-nanolayer 
deposition on noble metal surfaces, it was found that 3-mercaptopropyltrimetoxysilane 
(MPS) can be used to modify metallic surface into a silanol layer and promote chemical 
binding of adsorbents.  QCM was used as quantitative measurement for MPS and 
tetraethyl orthosilicate (TEOS) precursor coatings, offering an accurate measurement of 
deposited mass by changes of resonance frequency. 
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CHAPTER 1 – INTRODUCTION 
 
Ceramics have been used as functional materials for diverse applications.  Traditional use 
of ceramics involves sanitary pieces, tiles, bricks, and vases.  But in modern days and 
with the advancements of processing methods, “advanced” ceramics have been 
developed for many functions1. Examples of these advanced ceramics are many, due to 
several processing routes and novel applications.  From catalytic converters to gas 
sensing applications, ceramics may be used for novel applications due to its properties 
and characteristics, such as high specific surface area, adsorption/desorption capacity, 
and multivalence behavior. 
 
Advanced ceramics by sol-gel processing are described in this thesis, where the main 
application is based on adsorption capacity.  Catalytic oxides are well known adsorbents 
in the market, for example, as components in three-way catalysts in automobile exhaust 
system.  Processing and applications of these materials have been based on mixing of 
different solid oxides (e.g. alumina, ceria, and zirconia).  Research is presented where a 
novel method of sol-gel precipitation in the presence of support (i.e. wet environments) is 
shown to improve properties.   
 
Furthermore, adsorbents can be exploited to be a part of microcantilever sensor, 
developed in the Ceramics Processing and Sensor Lab at Drexel University.  These 
adsorbents offer the possibility to detect chemical agents (e.g. gas nerve simulant) when 
they react chemically with the adsorbents resulting in the resonance frequency shift of the 
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microcantilever.  Preliminary processing by simple drop-wise deposition has shown good 
properties of the sensor and array detection for specificity2.  Therefore, a systematic study 
to achieve an optimal applicability of microcantilever for gas sensing applications and 
further array detection is performed.  
 
Once materials are processed, it is necessary to characterize its properties.  Diverse 
experimental techniques are used for this purpose.  In this thesis, the experimental 
techniques used are:  specific surface area measurement by the Brunauer-Emmet-Teller 
multipoint method, zeta potential measurement, X-ray diffraction (XRD), and Field 
Emission Environmental Scanning Electron Microscope (FEESEM). 
 
In this thesis, two major areas of research are described.  One relates to ceramic 
processing techniques (i.e. colloidal method) where a catalytic oxide is precipitated in the 
presence of support (i.e. alumina-supported manganese oxide), which is shown to 
enhance its specific surface area for catalytic applications.  Other properties such as the 
chemical and thermal stability are also characterized.  The other area is related to 
adsorbent deposition.  Deposition of oxides on silica glass substrates was studied under 
acidic and basic environments. Silica slurry and precursor spin coating were developed 
for glass and metal substrates.  Metals must be treated to transform their surface into an 
oxide-like layer in order to achieve binding to adsorbent precursor.  3-Mercapto propyl 
trimetoxy silane (MPS) is used as a surface modifier, which can attach to noble metals 
and expose a silane end modifying the metal surface.  Once a silane surface was activated 
into silanol, spin coating was used for deposition and attachment of precursor. Quartz 
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Crystal Microbalances (QCM) was used to monitor mass deposited by recording the 
resonance frequency changes.  Comparison of experiments with and without MPS is used 
to demonstrate the importance of MPS in binding of the precursors. 
 
The thesis is organized as follows. Motivation and objectives, where the inorganic 
catalytic oxides, adsorbents deposition, and substrate surface modification are described 
in Chapter 2. Chapters 3 and 4 are dedicated to experimental procedures and results of 
colloidal processing of alumina-supported manganese oxide and surface treatments for 
adsorbents deposition, respectively.  Different experimental techniques are presented to 
show properties and characteristics of materials, as well as enhancement of catalytic 
oxides due to the novel sol-gel precipitation in the presence of support.  Deposition of 
adsorbents is studied on different substrates. 
 
The summary, conclusions, and future work are described in Chapter 5.  Brief discussion 
and final thoughts are presented for the two areas studied, as well as possible directions 
for future work that may help improve and achieve a systematic process of catalytic 
oxides properties enhancement and adsorbent deposition on metals by surface 
modification. 
                                                 
1 Callister.  Materials Engineering: An Introduction. 
 
2 Zhao, Qiang.  PhD Thesis Defense. Drexel University.  Philadelphia PA. (June 2004) 
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CHAPTER 2 – MOTIVATION AND OBJECTIVES 
 
Motivation 
 
Pollutants generated from combustion in power plants, factories, and automobiles are a 
general concern for the environmental agencies.  In the 1960s, catalytic converter 
applications became a part of pollution abatement for internal combustion engines.  
Starting as a temporary solution, catalytic converters have become an important source of 
controlling pollutants in the automobile industry. It can improve the performance when 
combined with electronic devices and sensors1, ,2 3. 
 
The major automobile combustion products include unburned hydrocarbons (HC), carbon 
monoxide (CO), and nitrogen oxides (NOx). The Three Way Catalyst (TWC) treats the 
three exhausts simultaneously. Cerium has multivalent states, +4 and +3, and a small 
redox potential. Due to the ease of valence change, cerium oxide has been used in the 
TWC as a regulator for oxygen content during the catalytic process.  It works to keep 
oxygen during the lean fuel engine operation and provide oxygen during the rich fuel 
engine operation.  This process can vary from a reduction condition to an oxidation 
condition continuously, promoting oxidation of CO and HC during the rich conditions, 
and reduction of NO during the lean conditions4,5. 
 
Cerium, being a rare earth, is a difficult component to obtain from nature and thus is 
expensive.  Manganese, having multivalence of +4, +3 and +2, and being more readily 
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available and cheaper, would be a good candidate to replace cerium oxide in the catalytic 
system.  Previously, manganese oxide (MnO2) has been suggested as a part of a catalyst 
system combining nickel chromite supported with alumina coated with manganese 
oxide6. 
 
Porous materials, such as catalytic oxides, can be processed by sol-gel method, which 
obtains ceramics and glasses from chemical precursors with good homogeneity and 
properties by low temperature procedures. Sol-gel method is a versatile method that can 
produce various forms of products such as powders, fibers, coatings, and thin films.  
Important properties7 such as thermal stability, chemical homogeneity, and surface 
properties (e.g. specific surface area and acidity) of catalytic oxides need to be improved 
in order to enhance the performance for applications such as interchange of oxygen and 
unburned fuels, abatement of NOx, and conversion of CO into CO2.  High specific 
surface area offers more chemical reaction and more efficient catalytic process; chemical 
stability assures that catalytic oxides will maintain its chemical behavior through all 
chemical processes; and thermal stability is an important factor for the high temperature 
environments experienced by catalytic converters when the combustion gases are passing 
through. 
 
Another property of porous materials is their reaction with specific gas species for gas 
sensing applications8,9. Metal oxides (e.g. silica, alumina, and oxides of manganese, 
lanthanum, and iron) have been reported as adsorbents for nerve gas simulant, dimethyl 
methyl phosphonate (DMMP)10.  Combining the gas adsorbent and the cantilever sensor 
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technology developed in the Ceramics Processing and Sensors Group at Drexel 
University offers a unique gas sensor system.  A microcantilever sensor, shown in  
Figure 2.1, is designed to electrically detect change of mass by frequency shift. The 
sensor was fabricated by bonding piezoelectric and non-piezoelectric layers together 
forming a cantilever. The resonance frequency is measured by an impedance analyzer.  
This arrangement offers the unique properties of label free, portability, rapid and real-
time detection in both air and liquid environment.  Figure 2.2 shows the results of 
cantilever tests for mass changes (i.e. frequency increments) under different conditions 
(e.g. air, 0.04 mg deposited, and 0.09 mg deposited). 
 
 
 
 
 
nonpiezoelectric
piezoelectric
Clamp
Impedance     
analyzer
PZT
Steel
 
  
Figure 2.1.  (Left) Piezoelectric cantilever arrangement.  (Right) Steel and PZT arrangement and 
connected to Impedance analyzer. 
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Figure 2.2.  (a) Phase Angle (DEG.) versus Frequency (kHz), (b) Frequency Shift (Hz).versus Mass change 
(mg).   
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Deposition of catalytic oxides (adsorbents) on defined areas of the cantilever sensor can 
help achieve detection of specific gases11.  In other words, gas adsorption capacity of 
catalytic oxides can be exploited for gas sensing applications.  Experiments developed 
with microporous silica deposited on stainless steel/PZT cantilever have been shown to 
be an adsorbent for nerve gas simulant (i.e. DMMP) when running at different conditions, 
as shown in Figure 2.3. 
 
 
 
 
 
 
 
Microporous SiO2 (MPS) coating
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PZT
0 20 40 60 80
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-20
0
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Figure 2.3.  (a) Piezoelectric cantilever arrangement with stainless steel coated with microporous silica.  (b) 
Graph showing results for different testing conditions.  (Zhao, Q. PhD Thesis.  Drexel University) 
 
 
The microporous silica deposited on the stainless steel/PZT showed a decreasing 
resonance frequency due to DMMP adsorption.  The estimated mass adsorbed was about 
0.84 µg and the adsorption capacity of the powder is estimated to be ~0.3 g/g, consistent 
with available literature data. 
 
The current DMMP detection has been developed by simply depositing adsorbent slurry 
with micropipettes on the non-piezoelectric substrate.  The amount of adsorbents is large 
and the morphology of the adsorbent is not controlled. It is necessary to improve the 
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deposition technique and bonding behavior of these systems so that we can have a thin 
layer of adsorbent with minimal amount which is strongly bound in various environments 
in order to improve the sensor performance. 
 
Objectives 
 
1. Precipitate catalytic oxides in the presence of catalytic support, i.e. alumina-
supported manganese oxide, as a new approach to improve specific surface area, 
chemical homogeneity and thermal stability of the catalytic system. 
 
2. Characterize specific surface area in terms of composition, morphological 
changes, and phase transformation of supported system. 
 
3. Study deposition of adsorbents on sensor substrates by physical and chemical 
bonding to avoid temperature treatment of sensors. 
 
4. Study surface modification as a way to control binding of adsorbent on metal 
surface. 
                                                 
1 B. Viswanathan, S. Sivasanker, A. V. Ramasawamy, “Chapter 18 - Environmental Catalysis” P. 264-270 
and “Chapter 19 – Recent Developments in Catalysis” P. 271-288, “Catalysis: Principles and 
Applications”, Narosa Publishing House, New Delhi, 2002 
 
2 J. Kaspar, P. Fornasiero, and N. Hickey.  Automotive catalytic converters: current status and some 
perspectives.  Catalysis Today.  77 (2003) 419-449 
 
3 R. Farrauto and R. Heck.  Catalytic converters: state of the art and perspectives.  Catalysis Today, 51 
(1999) 351-360
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4 L.F. Liotta, A. Macaluso, A. Longo, G. Pantaleo, A. Martorana, and G. Deganello.  Effects of redox 
treatments on the structural composition of a ceria–zirconia oxide for application in the three-way catalysis.  
Applied Catalysis A: General, 240 (2003) 295-307 
 
5 A. Trovarelli, C. Leitenburg, M. Boaro, and G. Dolcettii.  The utilization of ceria in industrial catalysis.  
Catalysis Today. Volume 50, Issue 2, 29 April 1999, Pages 353-367 
 
6 A.B. Stiles.  (Du Pont), U.S. Patent 3,230,182 
 
7 P.G. Tsyrulnikov et. al.  Phase transformations in the thermoactivated MnOx–Al2O3 catalytic system.  J. 
Molec. Catalysis A: Chemical.  179 (2002) 213-220 
 
8 K. Eguchi, M. Watabe, S. Ogata, H. Arai.  Reversible Sorption of Nitrogen Oxides in Mn–Zr Oxide.  J. 
Catal. 158 (1998) 420-426 
 
9 S. Segal, S. Suib, X. Tang, S. Sapyapal.  Photoassisted Decomposition of Dimethyl Methylphosphonate 
over Amorphous Manganese Oxide Catalysts.  Chem. Mater. 11 (1999) 1687-1695 
 
10 M. Mitchell, V. Sheinker, E. Mintz.  Adsorption and Decomposition of Dimethyl Methylphosphonate on 
Metal Oxides.  J. Phys. Chem. B 101 (1997) 11192-11203 
 
11 Zhao, Qiang.  PhD Thesis. Drexel University.  Philadelphia PA. (June 2004) 
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CHAPTER 3 – COLLOIDAL PROCESSING OF SUPPORTED MANGANESE 
OXIDE 
 
Colloidal processing is an effective and low-cost method to produce catalytic powders.  
Properties such as thermal stability and chemical homogeneity are important 
characteristics for Three-Way Catalyst (TWC) in automobiles.  Enhancement of specific 
surface area promotes catalytic reaction of exhaust gas. The colloidal processing and the 
properties of the alumina-supported manganese oxide will be described.  
 
Experimental Procedures 
 
Colloidal Processing of Alumina-Supported Manganese Oxide 
 
Precipitation procedures (Figure 3.1) were developed for aluminum oxide (Al2O3) and 
manganese oxide (MnOx), respectively, as a control (i.e. surface area, porosity, 
morphology, chemical composition, among others) before a colloidal coating method was 
developed. Aluminum and manganese oxides were precipitated by slowly adding a low 
concentration ammonia hydroxide, NH4OH, to control the pH level of both precursor 
solutions of aluminum nitrate hydrate (Al(NO3)2·9H2O) [0.33 M] and manganese nitrate 
(Mn(NO3)2) [0.04 M]. 
 
Once the characteristics of the materials were determined, colloidal coating processes 
were developed for coating Mn(OH)x on Al2O3 and on Al(OH)3.  The colloidal coating 
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method was developed starting with aqueous solutions of aluminum hydroxide or 
aluminum oxide, and the corresponding addition of manganese nitrate in aqueous 
solution (Fig. 3.1), with a Mn(NO3)2 to Al3O3 ratio 1:1 and Mn(NO3)2 to Al(OH)3 ratio 
1:1 and 1:10.  After vigorous stirring, ammonium hydroxide was slowly added for 
precipitation of Mn(OH)x.  After pH 10 was reached, the precipitate was collected by 
centrifugation, dried overnight at 80ºC, and heat-treated at 500ºC for 4 hours.  During the 
heat-treatment, Mn(OH)x and Al(OH)3 were transformed into MnOx and Al2O3, 
respectively. 
 
Precursorprecipitation
Al(NO3)2 9H2O or Mn(NO3)2
(Aqueous solution)
Ammonium Hydroxide
NH4OH [0.5 M] until pH 10
Centrifugation andwashing
Drying at 80ºC 
for 12 hours
Heat Treatment
500ºC for 4 hours
Core Particle
Al(OH)3 or Al2O3
(Aqueous solution)
Ammonia Hydroxide
NH4OH [0.01 M] until pH 10
Centrifugation
Drying at 80ºC 
for 12 hours
Heat Treatment
500ºC for 4 hours
Catalytic Oxide Precursor
Mn(NO3)2
(Aqueous Solution)
Precursor Precipitation Colloidal Co ating Method
 
Figure 3.1.  Alumina and Manganese Precursor Precipitation and Colloidal Coating Method 
 
 
 23
Characterization of Alumina-supported Manganese Oxide 
 
Surface area and porosity measurement were performed by the Brunauer, Emmett and 
Teller multipoint (BET) measurement using a Quantachrome Nova 2200. It started with 
out-gassing for 4 hours, in order to remove water vapor presented in the material.  
Sample weights varied between 0.7 to 1.2 grams with various densities, based on 
literature references of pure components7 or coated powders calculated as a combination 
of two components (e.g. alumina and manganese oxide). 25-points measurement was 
used, for both absorption and desorption of the nitrogen gas.   
 
Zeta potential was measured with a Zeta-Meter 3.0+ by titration at different levels of pH 
to determine the isoelectric point (IEP).  To develop the test, 0.1-0.15 grams of powders 
were diluted in 1000 ml of distilled water and voltage was set at 75 V. Using NH4OH at 
low concentration, pH level was gradually increased at a step of 0.8 pH value.  On the 
other hand, using HCl at low concentration, pH level was gradually decreased.  In the 
case of colloidal coating methods for Mn(OH)x on Al(OH)3/Al2O3, where the manganese 
component has high solubility at low pH values, a zeta potential measurement was 
developed starting at pH 10 and slowly adding hydrochloric acid (HCl) to decrease pH, 
which confirmed the dissolution of manganese hydroxide at lower pH values while 
performing titration. 
 
X-ray diffraction (XRD), using a Siemens D-500 X-Ray Diffractometer at Drexel 
University in Philadelphia PA, was used to determine the crystalline phase and structure 
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of the samples.  It was performed in a range of measurement angles (i.e. 20º ≤ 2θ ≤ 80º), 
increasing at 0.05º and maintaining each measurement angle for 0.8 seconds.  Voltage 
was set at 40V and current at 30 A. 
 
Field Emission Environmental Scanning Electron Microscope (FEESEM) FEI/Phillips 
XL30 was used to investigate the morphology of the powders, and the chemical 
composition was determined with the Energy Dispersive Spectroscopy, EDS.  Powders 
were coated with gold for morphology analysis, using 15 to 20 kV electron beam.  EDS 
was performed by selecting a specific area for analysis. 
 
Results and Discussions 
 
Direct observation of the powders showed a difference in color. The Mn(OH)x/Al2O3 and 
Mn(OH)x/Al(OH)3 systems showed a brown color, characteristic of manganese oxide 
contrasting with the white alumina (Figure 3.2). 
 
Specific Surface Area 
 
Manganese hydroxide and aluminum hydroxide had low specific surface area (SSA). 
After the colloidal coating method, significant increase of specific surface area was 
observed reaching high values after heat-treatment (Table 3.1).  At the lower 
concentration ratio, 1:10, of manganese hydroxide to aluminum hydroxide, the specific 
surface area of powders prepared by the coating method was similar to that of the pure 
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components (Table 3.2).  In the case of 1 µm aluminum oxide particles, which has lower 
surface area than aluminum hydroxide, the specific surface area also increased even 
though not as dramatically as the hydroxide case (Table 3.3). 
 
 
Figure 3.2. Alumina (white) and alumina-supported manganese oxide (black/brown) powders after 
calcination for 4 hr at 500ºC 
 
Table 3.1. Surface Area Measurement for Manganese Hydroxide/Aluminum Hydroxide Ratio 1:1 System 
Before and After Heat Treatment 
 
 
Products Al(OH)3 + AlOOH Mn(OH)x
Mn(OH)x and 
Al(OH)3
Heat-Treated 
Mn(OH)x and 
Al(OH)3
Specific Surface 
Area (m2/g) 12 2 57 157 
 
Table 3.2. Surface Area Measurement for Manganese Hydroxide/Aluminum Hydroxide Ratio 1:10 System 
Before and After Heat Treatment 
 
Products Al(OH)3 + AlOOH Mn(OH)x
Mn(OH)x and 
Al(OH)3
Heat-Treated 
Mn(OH)x and 
Al(OH)3
Specific Surface 
Area (m2/g) 12 2 8 440 
Average Pore 
Diameter (Å) 57.7 118.6 83.6 35.3 
Total Pore 
Diameter (cc/g) 0.017 0.07 0.017 0.39 
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Table 3.3. Surface Area Measurement for Manganese Hydroxide/Aluminum Oxide Ratio 1:1 System 
Before and After Heat Treatment 
 
Products Al2O3 Mn(OH)x
Mn(OH)x and 
Al2O3
Heat-Treated 
Mn(OH)x and 
Al2O3
Specific Surface 
Area (m2/g) 6 2 17 16 
Average Pore 
Diameter (Å) 81 119 151 170 
Total Pore 
Diameter (cc/g) 0.012 0.007 0.065 0.067 
 
 
The SSA of manganese hydroxide precipitated in the presence of alumina or aluminum 
hydroxide was found to be much higher than that of the alumina, aluminum hydroxide or 
manganese hydroxide individually. This is an interesting result which shows some 
similarity to the results of previous manganese oxides studies1. 
 
Morphology 
 
SEM results show that aluminum hydroxide had particle sizes of 300 nm with a 12 m2/g 
SSA (Fig. 3.3a), and pure aluminum oxide had similar particle size but with 6 m2/g SSA 
(Fig. 3.4a). Manganese hydroxide particles were smaller and round, with primary particle 
size of 70 nm and a correspondent theoretical specific surface area of 9 m2/g.  ESEM 
micrographs of manganese hydroxide agglomerates of approximate radius of 300 nm 
with 2 m2/g experimental specific surface area were obtained (Fig. 3.3b and 3.4b).  In the 
micrographs of powders from the colloidal coating method, the aluminum hydroxide and 
alumina maintained their original morphology (Figs. 3.3c and d, 3.4c and d), but the 
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manganese hydroxide changes from the round particles to rod-like particles (Fig. 3.3.c 
and d) in the presence of aluminum hydroxide.  Similarly (Figs. 3.4c and d) in the 
presence of alumina, manganese hydroxide were rod-like particles.  The observed 
behavior is related to the initial conditions of the solutions for the colloidal coating 
process: aluminum oxide suspension was at pH 7-9 whereas manganese nitrate solution 
was at pH 3-4. When a colloidal coating method was performed and the solutions were 
mixed, the pH level of the mixture was near 5 due to the presence of alumina (pH 7-9).  
A slow addition of ammonium hydroxide resulted in rod-like particles with a significant 
increase of SSA. On the other hand, the pure manganese oxide was formed starting with a 
pH 3-4 and slow addition of ammonia hydroxide leading to round particles and low SSA. 
 
In the case of aluminum hydroxide supported-manganese hydroxide, it showed a higher 
SSA. This is not only a result of the particles morphology but also that of the phase 
transformation from aluminum hydroxide to alumina.  Presumably, aluminum hydroxide 
was coated with manganese hydroxide showing 57 m2/g of SSA, and after heat-treatment 
it increased to157 m2/g.  It is speculated that when phase transformation occurs, the 
manganese hydroxide coating was broken thereby increasing the SSA.  In the case of 
aluminum hydroxide supported manganese hydroxide, with manganese to aluminum ratio 
of 1:10, the SSA increased from 8 m2/g to 440 m2/g after heat treatment. We speculate 
that the lower concentration of manganese hydroxide allows the phase transformation of 
aluminum hydroxide to aluminum oxide to dominate resulting in the larger increase of 
SSA (Figure 3.5). 
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(a) (b) 
 (d) (c) 
 
 
Figure 3.3. Al(OH)3, Mn(OH)x, and Colloidal Coating Powders (manganese to alumina ratio 1:1) 
morphological analysis and specific surface area: a) Aluminum hydroxide with surface area = 12 m2/g and 
particle size = 300 nm; b) Manganese hydroxide with surface area = 2 m2/g, round primary particles = 70 
nm and aggregates of 300 nm c) Manganese hydroxide and aluminum hydroxide after colloidal coating 
method with surface area = 57 m2/g and rod-like manganese particles; d) Heat-treated manganese 
hydroxide and aluminum hydroxide with surface area = 157 m2/g and rod-like manganese particles. 
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(a) (b) 
(d) (c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (e) 
 
 
 
Figure 3.4. Al2O3, Mn(OH)x, and Colloidal Coating Powders morphological analysis and specific surface 
area: a) Aluminum oxide with surface area = 6 m2/g and particle size = 300 nm; b) Manganese hydroxide 
with surface area = 2 m2/g, round particles = 70 nm, and aggregates of 300 nm; c) Manganese hydroxide 
and aluminum oxide after colloidal coating method with surface area = 17 m2/g and rod-like manganese 
particles; d) and e) Heat-treated manganese hydroxide and aluminum oxide with surface area = 16 m2/g and 
rod-like manganese particles.  
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(b) (a)  
(d)  (c)  
Figure 3.5. Al(OH)3, Mn(OH)x, and Colloidal Coating Powders (manganese to alumina ratio 1:10) 
morphological analysis and specific surface area: a) Aluminum hydroxide with surface area = 12 m2/g and 
particle size = 300 nm; b) Manganese hydroxide with surface area = 2 m2/g, round particles = 70 nm, and 
aggregates of 300 nm; c) Manganese hydroxide and aluminum hydroxide after colloidal coating method 
with surface area = 57 m2/g and rod-like manganese particles; d) Heat-treated manganese hydroxide and 
aluminum hydroxide with surface area = 157 m2/g and rod-like manganese particles. 
 
 
Specific Surface Area Analysis 
 
A theoretical analysis based on unagglomerated particles was developed for alumina-
supported manganese oxide, in order to explain the higher SSA than the initial values of 
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alumina and manganese oxide, respectively.  The SSA of unagglomerated spheres and 
cylinders are expressed below, 
 Spherical particles: SSA = 4.π.R2/(ρ.4/3.π.R3) = 3/ρ.R 
 Cylindrical (rod-like) particles:  SSA = (2.π.r.l + 2.π.r2)/(ρ.π.r2.l)= (2/ρ)(1/r + 1/l) 
 We consider three different scenarios for these two geometries, 
 
1. Sphere and cylinder have the same volume. 
Starting with the volume of a sphere and a cylinder, 
Vol. Sphere = 4.π.R3/3 and Vol. Cylinder = π.r2.l 
Then for a constant volume, 4.π.R3/3 = π.r2.l where l = α.r 
Therefore, r = (4/3α)1/3.R 
SSAcyl = (2/ρ.R)(1 + 1/α)(3α/4)1/3. When R and ρ are kept constant (for example, 
R=1 and ρ=1) for comparison, SSAcyl can be calculated for a range of α values, as 
shown in Fig.3.6. 
 
2. The radius of the sphere is equal to the radius of the cylinder, R = r. 
With R = r, and l = α.r, 
SSAcyl = (2/ρ)(1/r + 1/l) = (2/ρ)(1/r + 1/αr) = (2/ρr)(1 + 1/α) 
Taking R=1 and ρ=1, SSAcyl = (2/ρR)(1 + 1/α) 
 
3. The radius of the sphere is equal to the length of the cylinder, R = l. 
We have R = α.r and SSAcyl = (2/ρ)(1/r + 1/l) = (2/ρ)(1/r + 1/R) = (2/ρ)(α/R + 
1/R). Taking R=1 and ρ=1, SSAcyl = (2/ρR)(α + 1) 
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 Results of α ranging from ~ zero to 25 are presented in the following. 
1. Constant Volume 
Fig. 3.6 shows the results of SSAcyl = (2/ρ.R)(1 + 1/α)(3α/4)1/3) vs. the value of α. 
For α < 1, which corresponds to plates, values of SSA are much larger than that of 
the spheres. On the other hand, for α>1, which corresponds to rods, the SSA is 
only slightly higher than the spheres. The SSA results in Table 3.1, 3.2 and 3.3 
suggest that particles should have plate-like morphology. However, Figures 3.3 
and 3.4 show mostly rod-like morphology for manganese oxide powders. As a 
result, the simple analysis of assuming unagglomerated particles of sphere and 
cylinders is not valid. Clearly the agglomeration of particles must be considered 
in a theoretical analysis.  
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Figure 3.6. Theoretical calculation of cylindrical and spherical SSA for the constant volume condition 
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2. Spherical radius equals cylindrical radius 
The plot of this condition (Fig. 3.7) shows a monotonic behavior having a cross 
point with the constant SSA of spherical particles around α = 2, and a general 
decrease when α is increasing.  For α < 1, corresponding to plates, the SSA is 
much higher than spherical particles.  For α > 1, corresponding to rods, SSA is 
smaller than spherical particles.  Again, this confirms that a simple analysis of 
unagglomerated and single particles may not explain the observed behavior. . 
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Figure 3.7. Theoretical calculations of cylindrical and spherical SSA for cylindrical and spherical radii 
equal. 
 
 
3. Spherical radius equals cylindrical length 
This condition offers another possibility to understand the difference in SSA for 
cylindrical and spherical particles.  When plotting this condition (i.e. SSAcyl = 
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(2/ρ.R)(α + 1)) vs. α  values (Fig. 3.8), we observed a simple increasing curve.  
For α < 0.5, the value of cylindrical SSA is smaller than that of spherical SSA, 
representing plate-like particles.  For α < 0.5, corresponding to plates, SSA is 
smaller than that of spheres. For 0.5 < α < 1, also corresponding to plates, SSA is 
larger than that of spheres. For α > 1, corresponding to rods, SSA is larger than 
that of spheres. This behavior is consistent with those observed in the ESEM 
micrographs in Figures 3.4, 3.5 and 3.6.  However, by inspection of ESEM 
micrographs most of the rod like particles size is smaller than the round 
aggregates of pure manganese. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Theoretical calculations of cylindrical and spherical SSA for cylindrical length equals to 
spherical radius 
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Analyzing these scenarios for manganese precipitation morphological change in the 
presence of alumina or aluminum hydroxide support is useful to understand the case of 
one “spherical” particle changing to one “cylindrical” particle under various conditions 
(i.e. same particle volume, same radius, or cylindrical length equals to spherical radius). 
However, the analysis cannot explain the experimental observations completely.  
 
After inspecting the pure manganese precipitate more carefully (Figure 3.9), showing 
average diameter particles of 300 nm, we noticed that these particles were aggregates of 
smaller primary particles of about 70 nm.  If we assume that each primary particle in 
these aggregates transforms into a cylindrical particle, it is possible to improve the 
analysis. 
 
Figure 3.9.  Manganese Hydroxide ESEM micrograph showing “packed” particles of about 300 nm, a
primary particles of about 70 nm. 
nd 
 
 
 
 36
Assuming each sphere (representing an aggregate) transform into N cylinders, we 
have 4.π.R3/3 = N.π.r2.l where l = α.r. 
Therefore, r = (4/3N.α)1/3.R and SSAcyl = N.(2/ρ.R)(1 + 1/α)(3N.α/4)1/3. Taking 
R=1 and ρ=1, SSAcyl can be calculated for a range of α and N values, as shown in 
Fig.3.10. 
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Figure 3.10.  Analysis for cylinder volume proportional to sphere volume and few cylinders presented. 
 
 
As shown in Figure 3.10, the SSA increases with the number of cylinders (N) that a 
spherical aggregate can transform into.  By choosing an appropriate N value, it is possible 
to explain the result of higher surface area due to manganese hydroxide precipitation in 
the presence of alumina and aluminum hydroxide supports. 
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To fit the experimental results quantitatively, we vary the  N and  α  values in SSAcyl = 
N.(2/ρ.R)(1 + 1/α)(3N.α/4)1/3 over a wide range and the results are shown in Figure 3.11. 
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Figure 3.11.  Analysis of cylinder volume proportional to spherical volume for experimental 
values of sphere diameter, R = 300 nm, and Mn(OH)2 density, ρ = 4.5 gr/cc.  
 
After inspecting the ESEM micrographs for Al2O3 supported Mn(OH)x (Fig. 3.4 (e)), 
Al(OH)3 supported Mn(OH)x (Mn:Al 1:1 and 1:10 ratios, Fig. 3.3(c) and 3.5(c) 
respectively), specific values for α = l/r can be obtained by the average of length and 
diameter of “cylindrical” particles.  Values of α are found to be 9.8 for Al2O3 supported 
Mn(OH)x and 5.9 for Al(OH)3 supported Mn(OH)x.  Finally, the N value is found to be 
between 3-4 for Al2O3 supported Mn(OH)x, and 9-10 for Al(OH)3 supported Mn(OH)x. 
Those values of N are obtained by using the α value found from ESEM and assuming the 
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experimental SSA of supported Mn(OH)x shown in tables 3.1 and 3.2, is dominated by 
Mn(OH)x, as illustrated in figure 3.12. 
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Figure 3.12.  Theoretical and experimental comparison of measured SSA, the α = l/r value 
obtained from ESEM micrographs, and the calculated SSA at different α and N.  
 
 
In the case of Al(OH)3 supported Mn(OH)2, with Mn:Al 1:10 ratio, the morphology was 
more “spherical” than “cylindrical”, different from the situation of Al:Mn 1:1. 
Morphological change of particles and their correspondent specific surface area behavior 
have previous been studied by Zhao,2 where it was shown that the molar concentration of 
manganese precursor and ammonium hydroxide could determine the morphology and the 
correspondent specific surface area of Mn(OH)2 (see Fig. 3.13).  The results shown in 
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Fig.3.13 indicates that the conditions of Al:Mn=1:1 would promote cylindrical particles, 
while Mn:Al=1:10 would promote spherical particles.  
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Figure 3.13.  Specific surface area as a function of concentration of manganese nitrate. The effect of the 
amount of ammonia and the corresponding morphological behavior were indicated.  Shaded areas show 
the range of manganese nitrate concentration studied in this thesis.  
Weight loss analysis  
 
The weight loss data does not correspond to the loss of water in Al(OH)3 indicating that 
he there were other phase other than the Al(OH)3. We consider that besides Al(OH)3, 
boehmite AlOOH is also present. The theoretical yield of Al2O3 from Al(OH)3 and 
AlOOH can be calculated from the weight loss after heat treatment, as shown in the 
following. 
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2Al(OH)3 Æ Al2O3 + 3H2O      (1) 
2x78 g/mol Æ 102 g/mol + 3x18 g/mol Æ 102 g/mol + 54 g/mol 
H2O lost ~ 35 %. 
 
AlOOH Æ Al2O3 + H2O     (2) 
2x60 g/mol Æ 102 g/mol + 18 g/mol 
H2O lost ~ 15 %. 
 
The experimental yield was found to be, 
2.28 g Al(OH)3 Æ 1.68 g Al2O3    (3) 
H2O lost ~ 26 % 
 
Therefore, what we had was a combination of Al(OH)3 and AlOOH. We estimated the 
Al(OH)3 molar fraction as, 
35x + 15(1-x) = 26 => x = 45%    (4) 
 
Zeta-potential 
 
To verify the coating of manganese hydroxide and manganese oxide on aluminum oxide 
and aluminum hydroxide after colloidal coating processes, zeta potential of particles was 
measured.  The plot of zeta potential as a function of pH was obtained for alumina, 
manganese oxide, and the products of colloidal coating method (Figure 3.14).  
Manganese oxide was found to have an IEP between pH 4-5 and  alumina had its IEP 
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between pH 7-8.  When comparing zeta potential of the alumina-supported manganese 
hydroxide before and after heat-treatment, we observed a similar behavior to that of 
alumina.  The zeta potential results indicate that whatever the condition of the manganese 
hydroxide coating on alumina, they did not transform to manganese oxide after heat 
treatment. This is because if the coating remains as manganese hydroxide, the coating 
would dissolve due to the high solubility of Mg(OH)2. To illustrate this point, the 
solubility curve of Mn(OH)2 is shown in Figure 3.15 with a constant Ksp for different 
concentrations of Mn2+.  Due to the high solubility of Mn2+ at pH < 9, it is very difficult 
to obtain good zeta potential data for Mn(OH)2.  On the other hand, if the coating 
transforms to manganese oxide, the IEP should be close to that of manganese oxide.  The 
zeta potential results are consistent with a manganese hydroxide coating which is 
subsequently dissolved during the zeta potential measurement. 
 
XRD patterns were measured for Mn(OH)x, MnOx and γ-Al2O3 1 µm  and shown in 
Figure 3.16 and Fig. 3.17.  When analyzing the patterns of alumina-supported 
manganese, it was observed that peaks for alumina and manganese hydroxide were 
present for samples both before and after heat-treatment at 500ºC for 4 hours, whereas 
manganese oxide could not be found.  The XRD results indicate that manganese 
hydroxide was present after calcination and was dissolved thereby exposing the alumina 
particles surface during the zeta potential measurement.  Our results indicate that 
manganese hydroxide did not transform into manganese oxide at 500ºC for 4 hours when 
they were coated on alumina3.  It is interesting to observe that substrate can alter the 
phase transformation of coating. 
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Also EDS was performed to measure the composition and Mn to Al ratio in the powders.  
Figure 3.18 shows the results of EDS study. As observed in Fig.3.19, the Mn to Al ratio 
is about 0.57, lower than the stoichiometric ratio of 1, due to the Mn loss caused by the 
high solubility of Mn+2.  The analyzed powders were obtained after the colloidal coating 
process and before heat-treatment. 
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Figure 3.14. Zeta Potential vs. pH for Al(OH)3, Al2O3, Mn(OH)x, MnOx, and Mn(OH)x on 
Al(OH)3 before and after heart-treatment 
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Figure 3.15. Solubility for different concentrations of Mn+2 and pH levels.  Zeta potential titration is 
developed using 0.01g in 1000 ml H2O, allowing dissolution of Mn(OH)2 in the products.  
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Figure 3.16.  X-ray Diffraction of colloidal coating products before heat-treatment 
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Figure 3.17.  X-ray Diffraction of colloidal coating products after heat-treatment 
 44
 
 
 
 
 
 
 
 
 
 
 
16.36 37.06  MnK 
17.21 19.14  AlK 
66.42 43.80  O K 
At%Wt% Element
 
Figure 3.18.  Electron Dispersive Spectroscopy for manganese hydroxide on aluminum hydroxide with 
ratio 1:1, correspondently 
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Figure 3.19.  Electron Dispersive Spectroscopy for manganese hydroxide on aluminum hydroxide with 
ratio 1:10, respectively. 
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In summary, colloidal processing was studied as a method to enhance properties of 
materials, where thermal stability, chemical homogeneity, and surface properties play a 
major role.  It was found that the specific surface area was enhanced due to 
morphological changes of the precipitates in the presence of alumina support as well as 
the phase transformation of the support itself.  Theoretical analysis shows that specific 
surface area can be increased by changing clusters of spherical manganese oxide to 
individual rod-like particles. 
 
In addition, it was shown that manganese hydroxide remained when precipitated in the 
presence of alumina after heat treatment, which is consistent with the dissolution of 
manganese hydroxide found in the zeta potential measurement.  Thermal stability and 
chemical homogeneity are maintained at high temperatures (i.e. 500ºC) and with 
composition similar to that of the initial molar composition of manganese to alumina (i.e. 
1:1 and 1:10). 
                                                 
1 Q. Zhao and W.-H.  Shih, Effects of processing parameters on the surface area of Mn2O3 at elevated 
temperatures.  Micro and Mesoporous Materials 53 (2002) 81-86 
 
2 Q. Zhao, PhD Thesis. Drexel University.  Philadelphia PA. (June 2004). 
 
3 B. Saruhan, A. Flores Renteria, M. Keshmiri and T. Troczynski,  Liquid-phase-infiltration of EB-PVD-
TBCs with ageing.  Journal of the European Ceramic Society.  Volume 26, Issues 1-2, 2006, Pages 49-58 
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CHAPTER 4 – SUBSTRATE SURFACE TREATMENTS FOR ADSORBENTS 
DEPOSITION 
 
Gas sensing applications are in demand for preventing biochemical attacks and 
countering terrorism activities.  At Drexel University, the Ceramics Processing and 
Sensor Group have developed piezoelectric microcantilevers for detection of biological 
and chemical species in diverse environments (i.e. liquid and gas).  Nerve Gas simulant, 
dimethyl methyl phosphonate (DMMP), has been detected by deposition of adsorbents on 
microcantilevers and promising results are observed.  In order to achieve the selectivity 
and specificity of gas detection, surface modification of substrates to improve the 
deposition of different adsorbents is needed. 
 
Sol-gel methods have been used to process different adsorbents 1 for detection of gases.  
Deposition techniques on both inorganic and metallic substrates were studied to allow 
improvements in the homogeneity and sensitivity of microcantilevers for better detection. 
 
Experimental Procedures 
 
Initial sol-gel processing is developed to deposit adsorbents on inorganic and metallic 
substrates.  Later, Tetraethyl orthosilicate (TEOS) precursor preparation was introduced 
for spin coating on metal substrates and posterior Quartz Crystal Microbalance (QCM) 
measurements. Micro- and mesoporous silica were prepared by sol-gel process for slurry 
deposition on glass.   
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Microporous silica was synthesized following a published procedure by Qiang Zhao et. 
al.1 with 21 ml TEOS and 21 ml. ethanol mixed in a 1:3.8 molar ratio.  Subsequently, 
10.8 ml H2O and 8.3 ml 98% HNO3 with molar ratio 75:1 which was previously prepared 
was slowly added.  A drop was added every 5 seconds while vigorous stirring and 
solution kept in an ice bath.  Once the addition of H2O:HNO3 solution was completed, the 
precursor solution was refluxed at 80ºC for 3 hours, followed by drying in a Petri dish at 
room temperature.  After manual grounding (i.e. mortar and pestle), powder was heat 
treated for 3 hours at 400ºC with a heating rate of 0.5ºC/min. 
 
Mesoporous silica was prepared using a room temperature procedure published by Jian 
Yu et. al.2 for aluminosilicate materials, without the aluminum chloride hexahydrate as 
aluminum precursor.  Starting with cetyltrimethylammonium bromide (Cl16H33Me3NBr, 
CTMAB) and NaOH solution, tetraethyl orthosilicate (TEOS) was slowly added while 
stirring.  The mixture with a molar composition of 1 TEOS: 0.12 CTMAB: 0.6 NaOH: 
111 H2O was then obtained and stirred at room temperature for 2 h, with a pH range 
about 11-12 for hydrolysis.  After pH adjustment to 5-6 with the addition of 1 M HCl to 
promote condensation, the stirring was continued for about 3 h at room temperature.  
Finally, the mixture product was collected by centrifugation, followed by washing with 
distilled water to remove excess salts.  Samples were dried in air at 90ºC overnight, 
followed by calcination in air at 540ºC for 24h using a heating rate of 1ºC/min. 
Different approaches were tried in order to find effective ways of depositing adsorbents 
on solid substrates, glass and metals, for gas sensing applications. 
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Spin coating of precursors represents a viable method of deposition without heat 
treatment of microcantilever substrates. TEOS was initially mixed with 1-propanol and 
stirred for a few minutes, followed by addition of previously mixed HCl and water.  2-
butanol was added to the sol and stirred for 30 min.  Molar compositions were 
H2O/TEOS=10; HCl/TEOS=0.01; and alcohol/TEOS=0.5.   
 
Two different approaches (Figure 4.1) are studied for deposition. One is to use oxide 
slurries to deposit oxides on solid substrate under different pH conditions.  The other is to 
deposit silica sol-gel precursor by drop-wise deposition, dip coating, and spin coating on 
substrates.  
 
Further study of metal substrates (i.e. copper) and glass substrate were performed, as well 
as chemical binding using 3-mercaptotrimetoxysilane (MPS) to modify the metal surface 
and improve condition through condensation or electrostatic interaction (Figure 4.2). 
 
 
 
 
Solution drop-wise deposition on 
glass substrate treated with HCl 
15% and NH4OH [5.0 M] 
Slurry Solution [3mg/ml] 
Treated with HCl 15% and NH4OH 
[5.0 M] 
Dried overnight at room 
temperature 
Adsorbent Slurry deposition 
Spin coating at 2000 rpm for 30 
sec. on glass substrate 
Silica sol- gel precursor 
Dried overnight at 90ºC 
Silica sol-gel precursor deposition 
Figure 4.1 Silica slurry and precursor solutions for deposition on solid substrates 
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Copper substrate immersion in MPS and 
ethanol solution 40 mM MPS - 3 h 
Substrate cleaning with piranha solution (7:3 
sulfuric acid and h
 
ydrogen peroxide) 
Rinsing and dipping on aqueous  
0.01 M NaOH - 2 h 
 
Figure 4.2 MPS coating on copper (metallic) substrates for adsorbents deposition 
 
 
 
 
 
From previous experiments, qualitative changes have been observed when depositing 
slurry on glass, even though the deposited oxide was washed away after rinsing with 
distilled water.  Due to the small amount of deposited materials, it was difficult to 
quantify the amount using a regular balance.  Quartz Crystal Microbalance (QCM) was 
used to quantify the deposited layer. 
 
QCM is a device used to measure micro- to nano-gram mass of thin films.  Its 
functionality is based on a particular crystal orientation given by an “AT-cut” in a 
crystalline quartz.  Usually cut in circular geometry, gold electrodes are bonded with 
chromium to each side of a quartz layer (Figure 4.3). 
 
  Top Electrode 
Quartz Crystal 
Bottom Electrode 
Figure 4.3.  Commercial Quartz Crystal Microbalance layout – Stanford Research Systems
z 
x 
y
x
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Different potentials in QCM electrodes will generate an electric field across the QCM, in 
the “y direction”.  Piezoelectric properties in the “y direction” will generate shear around 
the “z direction”, and vice versa, generating shear waves between the electrodes and 
motion or mechanical displacement on the “x direction”, denominated sometimes as 
“electric axis”3,4. 
 
Mass deposited to QCM electrodes is measured as the decrease in resonance frequency, 
as shown in Figures 4.4 for QCM spin coated with TEOS precursor at 3000 rpm for 30 
sec. Measuring the frequency change, we can obtain the mass per unit area deposited.  A 
physical analysis of a QCM can be defined starting with the transverse wave velocity (C), 
and known materials characteristics such as cut angle (Ф), density of crystal (ρ.q), and 
piezoelectric stiffening constant (K), then  
q
CCKCC
.
)cos().sin(.14.2)sin(.44)cos().66( 22
ρ
ΦΦ+Φ+Φ+= . 
 
Each QCM has a fundamental frequency (F), so Crystal Sensitivity (S) is defined as 
qC
FS
..
.2 2
ρ= , 
Obtaining the frequency shift and QCM electrode area, the detected mass is determined 
as 
S
FAreaMass ∆= . . 
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A technique for coating 3-Mercaptotrymetoxysilane (MPS) on gold electrodes was 
reported by X. Zhong et. al.5  Gold electrodes were treated for posterior MPS coating.  
The thin MPS coating on the QCM gold electrodes can transform its surface into a silane-
like surface which will be good for coating of silica precursor solution.  TEOS was used 
as silica precursor solution following the work reported by H.S. Zhou et. al.6
 
 
 
 
Figure 4.4.  QCM frequency change when TEOS precursor is deposited 
4 9 8 0 0 0 0 4 9 8 5 0 0 0 4 9 9 0 0 0 0 4 9 9 5 0 0 0 5 0 0 0 0 0 0
F r e q u e n c y  ( H z )
C le a n e d  Q C M T EO S  c o a te d  Q C M
 
 
 
 
 
 
 
 
 
 
QCM is cleaned with a piranha solution for 3-5 min. (i.e. 7:3 mixtures of concentrated 
sulfuric acid and 30% hydrogen peroxide).  Subsequently, QCM was immersed in a 40 
mM solution of MPS in ethanol for 3 hr, which was then rinsed to remove excess MPS on 
surface.  Coated QCM was dipped in NaOH 0.01 M solution for 2 hr to hydrolyze and 
condense MPS layer. 
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After QCM coating procedure with MPS, hydrolyzed TEOS is spin coated at 3000 rpm 
for 30 sec.  QCM measurements were performed after coating with MPS and TEOS 
solutions.  Furthermore, measurement after rinsing with distilled water was developed to 
determine binding of deposited silica to MPS-coated gold electrode. 
 
To understand the behavior of TEOS binding to MPS, coating of QCM with TEOS 
without initial MPS deposition was studied for comparison.  This experiment is a control 
to compare TEOS deposition and binding behavior, as well as QCM measurements in the 
presence of MPS monolayer on the gold substrate. 
 
Before describing the results, the chemical reactions involved in the MPS deposition on 
QCM followed by TEOS spin coating are briefly introduced.  3-Mercaptotrymetoxysilane 
is known to have a thiol end and a silane end.  It is well known that thiol group can bond 
to noble metals, thereby transforming QCM gold electrodes into silane surfaces.  Once 
these MPS is deposited, NaOH is used for MPS condensation creating a layer of silanol 
surface on the gold substrate (Figure 4.5). 
 
After having modified QCM gold electrode surfaces into silanol, TEOS precursor can be 
spin coated to promote binding between the TEOS precursor and the modified QCM 
surface by condensation reactions (Figure 4.6). 
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 Figure 4.5.  Chemical sketch of MPS coating process, (a) when binding to QCM gold surface, and 
(b) when hydrolyzed and condensed with NaOH [0.01 M] for 2 hours 
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Figure 4.6.  (a) TEOS precursor hydrolysis and  (b) condensation reaction of hydrolyzed TEOS precursor 
and silanol on MPS modified silanol surface.  
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Results and Discussions 
 
Adsorbent slurry for deposition was prepared with silica and alumina.  Silica depositions 
after rinsing showed a better attachment at pH 7 with an untreated substrate (Figure 4.7) 
and slurry and substrate treated at pH 10 (Figure 4.8).  On the other hand, silica at pH 2 
on a glass substrate with similar acidic conditions (Figure 4.9) showed less attachment of 
silica particles. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7. Silica slurry pH 7 and not treated glass substrate.  100x 
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 Fig.4.8. Silica slurry and glass substrate treated at pH 10.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9. Silica slurry and glass substrate treated at pH 2.  100x 
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The bonding between silica particles and glass substrate can be explained based on the 
condensation reactions.  At pH 7 and 10, both silica particles and glass substrates will be 
highly populated by hydroxyl groups (OH-), which promotes condensation reactions 
between particles and substrates.  This behavior can be verified using the silica zeta 
potential curve (Figure 4.10), where silica particles will be negatively charged for pH 7 
and 10.  At pH 7 the glass was untreated, meaning the pH 7 condition of the slurry 
solutions works as an agent to promote condensation reactions.  At pH 10, both slurry 
and glass substrate are treated with ammonium hydroxide solution (NH4OH solution), 
allowing faster condensation reactions to occur.  As observed in the micrographs (Fig. 4.7 
and 4.8), pH 7 and 10 are similarly populated, meaning that substrate treatment with 
basic pH values may not be a crucial influence for the silica particles to promote 
condensation reactions between particles and glass substrates. 
 
 
 
 
 
 
 
 
 
Fig. 4.10.  Zeta-potential curve for untreated silica powder measured at 1vol% in water.  At 
pH 9, the particles are negatively charged, with zeta-potential ζ ≈ - 75 mV. Journal of 
Colloid and Interface Science 248 (2002) 340–346 
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Acidic condition (pH 2) for both silica slurry and glass substrate is treated with HCl 
solution.  Correspondent micrograph (Fig. 4.9) shows low population of silica particles 
and mostly agglomerated in clusters, representing the condition in the silica zeta potential 
where silica tend to agglomerate with minimal condensation reactions. 
 
 The experiment on alumina was performed similarly to those of silica.  Alumina and its 
substrate were treated at pH 2 (Fig.4.11) and pH 10 (Fig.4.12).  The amount of particles 
on the substrate surface (i.e. more than 50%) are similar between Fig. 4.11 and Fig.4.12 
with alumina appearing to have better dispersion at pH 2 than pH 10.  Two other 
conditions were studied: pH 7 solution and untreated substrate (Figure 4.13), and pH 4 
treated solution and pH 10 treated substrate (Figure 4.14).  Results for both of these 
conditions (i.e. pH 7 and pH 4) are similar to pH 2 condition of slurry and substrate.  The 
pH 4 treated slurry and pH 10 treated substrate dispersion of particles appears to be better 
than pH 2 condition for both slurry and substrate. 
 
 
 
 
 
 
 
 
 
Fig. 4.11. Alumina slurry and glass substrate treated at pH 2.  100x 
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Fig. 4.12. Alumina slurry and glass substrate treated at pH 10.  100x  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13. Alumina slurry pH 7 and not treated glass substrate.  100x  
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Again, the behavior of alumina slurry is related to its dispersed nature at acidic conditions 
and agglomerated nature at basic conditions, according to the zeta potential curve 
measured in our lab (Figure 4.15).  In the case of alumina, an IEP much higher than silica 
and around pH 7 was found.  In acidic conditions the electrostatic forces can disperse the 
positively charged particles in the slurry while causing the particles to be attracted to the 
negatively charged glass substrate.  On the other hand, in the basic condition, alumina is 
agglomerated and the condensation reactions between particles and glass substrate 
occurs. 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4.14.  Alumina slurry treated at pH 4 and glass substrate treated at pH 10.  100x
 
 
 
 60
 
-30
-20
-10
0
10
4 5 6 7 8 9 10
PH
Ze
ta
 P
ot
en
tia
l A
ve
r
20
30
ag
e
 
 
 
 
 
 
 
 
Fig. 4.15. Zeta potential curve, using the Zeta Meter 3.0 at the Ceramics Processing 
and Sensor Lab, for alumina powder measured at 1 vol% in water.  At ~ pH 9, 
alumina particles are negatively charged, with zeta potential ζ ≈ -22 mV  
 
Silica sol-gel precursor was experimented for in-situ deposition technique to achieve a 
more homogeneous and thinner layer on the sensing substrates. Thin films were prepared 
by spin coating, characterized by optical and SEM analysis before and after rinsing.  It is 
shown (Figures 4.16 & 4.17) by optical microscopy that thin films were not affected by 
rinsing.  Analysis under SEM shows a layer of about 50 nm on glass substrate in Figure 
4.18 for a coating performed at 2000 rpm and 30 sec.. 
 
Copper substrates were studied for silica slurry deposition and the understanding of 
binding behavior on metal substrates.  MPS was used to coat and change copper surface 
into a silane surface in order to achieve silica particle binding.  Silica slurry was treated at 
pH 10 to promote condensation reactions between the silanol layer and silica particles. 
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 Fig. 4.16. Silica sol-gel precursor spin coated before rinsing.  10x 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.17. Silica sol-gel precursor spin coated after rinsing.  10x 
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 Fig. 4.18. SEM Silica sol-gel precursor spin coated before rinsing. 
 
Optical microscopy observation of silica particles on copper substrate was unsuccessful 
due to the roughness and irregularities of the substrate as well as different particles sizes 
and agglomeration.  Figures 4.19 & 4.20 show the presence of silica particles deposited 
on the copper treated with MPS before and after rinsing with distilled water respectively.  
As observed, silica particles remained on the substrate, even though a significant amount 
has been removed.  Following the procedure for MPS coating on copper substrate, it may 
be that the amount of silane deposited was not enough to facilitate the condensation 
reaction of all the silica particles. 
 
Experiments related to mass changes due to silica thin film deposited by precursor were 
studied by QCM measurements.  Following the method of H. S. Zhou et. al.4 and 
recording the frequency shift of QCM, after each of the following steps: cleaning with 
piranha solution, coating with MPS, MPS condensation with NaOH, air drying after 1 
 63
hour and 1 week, and after coating with silica precursor and posterior rinsing with 
distilled water. 
 
 
Silica
Silica
Silica Silica
 
 
 
 
 
 
Fig. 4.20. Silica slurry deposited in MPS-
treated copper substrate after rinsing.  100x 
Fig. 4.19. Silica slurry deposited in MPS-
treated copper substrate before rinsing.  100x  
 
Frequency peak shifts measured for QCM cleaned with piranha solution, 40 mM MPS in 
ethanol QCM coating, and MPS condensation in 0.01 M NaOH, were less than 60 Hz for 
all QCM studied during these stages.  Once it was spin coated with silica precursor at 
3000 rpm for 30 sec., the decrease of frequency in the thousands of Hz was observed.  A 
final rinsing with distilled water showed a further slight decrease in the frequency shift 
indicating the possibility of water molecules sticking to the deposited silica layer on the 
QCM.  Decreasing resonance frequency corresponds to increase in mass on the QCM 
electrode. MPS promotes the binding of TEOS even after rinsing with distilled water is 
shown in Figure 4.21. 
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After MPS condensation with NaOH, an interesting behavior was observed.  Once dried 
with air gun and the QCM was left in air for an hour, the frequency increased back to the 
initial frequency of cleaned QCM.  On the other hand, after leaving QCM in air for a 
week a decrease in frequency peak was observed, but not to the initial MPS coating 
values.  This phenomenon can be explained by the following. When MPS coating is 
immersed in NaOH solution, condensation of MPS occurred and those MPS that were not 
cross-linked were removed by the immersion resulting in the frequency increase back 
toward the initial value. Leaving the coated MPS in air for a week may absorb water or 
causing further cross-linking of incompletely reacted MPS to occur resulting in slight 
frequency decrease. Based on the average of three experiments, the final MPS monolayer 
sitting on the QCM electrode causes about 50 Hz frequency peak reduction.  
 
 
 
5004000 5006000 5008000 5010000 5012000
Frequency (Hz)
5010025 5010075 5010125Cleaned QCM 
MPS coated QCM 
NaOH Treated QCM – dried 1 hour 
NaOH Treated QCM – dried 1 week 
TEOS coated QCM 
Rinsed TEOS coated QCM 
 
 
 
 
 
 
 
 
 
Figure 4.21.  Frequency peaks for different processing steps of a QCM coated with MPS and spin 
coated with TEOS precursor. 
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Two different ways of showing the frequency shift were used. Table 4.1 shows the 
frequency shifts from one processing step to the next (e.g. cleaned QCM compared to 
MPS-coated QCM).  Table 4.2 shows the results of overall changes when compared each 
resonance frequency to the initial QCM resonance frequency.  QCM monitoring was 
developed for each step during MPS and TEOS coating.  Three (3) different experiments 
while each experiment was measured three times were performed for TEOS precursor 
coating at 3000 rpm for 30 sec. 
 
Table 4.3 contains the step measurements and Table 4.4. shows the overall measurements 
for TEOS precursor spin coated on QCM without MPS, showing the importance of MPS 
to modify gold surface in order to promote condensation reactions between TEOS and 
QCM modified surface.  Analyzing the results for QCM without MPS it is shown that 
TEOS coating was almost completely removed from the gold surface, when frequency 
shift was in the order of thousands of hertz after rinsing and reaching the initial QCM 
resonance frequency 
 
 
Table 4.1.  QCM step-fashion measurements for cleaned with piranha solution, 40 mM MPS in ethanol 
coating, MPS condensation with 0.01 M NaOH, TEOS precursor spin coating at 3000 rpm for 30 sec., and 
TEOS coating rinsing with distilled water. 
 
Table 4.1a – QCM # 2 – Step measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 4999466.7 0.0 0.0 0.0 
Coated MPS 4999416.7 -50.0 0.9 1.8 
Treated NaOH - Air Dried 1 hour 4999466.7 50.0 -0.9 -1.8 
Treated NaOH - Air Dried 1 week 4999412.7 -4.0 0.1 0.1 
Spin Coated QCM - Air Dried 1 hour 4994750.3 -4716.3 83.3 170.9 
Spin Coated QCM - Air Dried 1 week 4994750.3 -4662.3 82.4 168.9 
Rinsed QCM* 4994600.3 -150.0 2.7 5.4 
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Table 4.1b - QCM # 1 Step measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 5010116.7 0.0 0.0 0.0 
Coated MPS 5010050.0 -66.7 1.2 2.4 
Treated NaOH - Air Dried 1 hour 5010094.0 44.0 -0.8 -1.6 
Treated NaOH - Air Dried 1 week 5010075.0 25.0 -0.4 -0.9 
Spin Coated QCM - Air Dried 1 hour 5005396.3 -4697.7 83.0 170.2 
Spin Coated QCM - Air Dried 1 week 5005396.3 -4678.7 82.7 169.5 
Rinsed QCM* 5005141.7 -254.7 4.5 9.2 
Table 4.1c – QCM # 3 Step measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 5004483.3 0.0 0.0 0.0 
Coated MPS 5004417.0 -66.3 1.2 2.4 
Treated NaOH - Air Dried 1 hour 5004466.7 49.7 -0.9 -1.8 
Treated NaOH - Air Dried 1 week 5004446.0 29.0 -0.5 -1.1 
Spin Coated QCM  - Air Dried 1 hour 5000766.7 -3700.0 65.4 134.0 
Spin Coated QCM - Air Dried 1 week 5000766.7 -3679.3 65.0 133.3 
Rinsed QCM* 5000800.3 33.7 -0.6 -1.2 
 
 
 
 
Table 4.2.  QCM overall measurements for cleaned with piranha solution, 40 mM MPS in ethanol coating, 
MPS condensation with 0.01 M NaOH, TEOS precursor spin coating at 3000 rpm for 30 sec., and TEOS 
coating rinsing with distilled water. 
 
 
Table 4.2a – QCM # 1 Overall measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 5010116.7 0.0 0.0 0.0 
Coated MPS 5010050.0 -66.7 1.2 2.4 
Treated NaOH - Air Dried 1 hour 5010094.0 -22.7 0.4 0.8 
Treated NaOH - Air Dried 1 week 5010075.0 -41.7 0.7 1.5 
Spin Coated QCM - Air Dried 1 hour 5005396.3 -4720.3 83.4 171.0 
Spin Coated QCM - Air Dried 1 week 5005396.3 -4720.3 83.4 171.0 
Rinsed QCM* 5005141.7 -4975.0 87.9 180.2 
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Table 4.2b – QCM # 2 Overall Measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 4999466.7 0.0 0.0 0.0 
Coated MPS 4999416.7 -50.0 0.9 1.8 
Treated NaOH - Air Dried 1 hour 4999466.7 0.0 0.0 0.0 
Treated NaOH - Air Dried 1 week 4999412.7 -54.0 1.0 2.0 
Spin Coated QCM - Air Dried 1 hour 4994750.3 -4716.3 83.3 170.9 
Spin Coated QCM - Air Dried 1 week 4994750.3 -4716.3 83.3 170.9 
Rinsed QCM* 4994600.3 -4866.3 86.0 176.3 
 
Table 4.2c – QCM # 3 Overall measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 5004483.3 0.0 0.0 0.0 
Coated MPS 5004417.0 -66.3 1.2 2.4 
Treated NaOH - Air Dried 1 hour 5004466.7 -16.7 0.3 0.6 
Treated NaOH - Air Dried 1 week 5004446.0 -37.3 0.7 1.4 
Spin Coated QCM  - Air Dried 1 hour 5000766.7 -3716.7 65.7 134.6 
Spin Coated QCM - Air Dried 1 week 5000766.7 -3716.7 65.7 134.6 
Rinsed QCM* 5000800.3 -3683.0 65.1 133.4 
 
Table 4.3.  QCM step-fashion measurements for cleaned with piranha solution, , TEOS precursor spin 
coating at 3000 rpm for 30 sec., and TEOS coating rinsing with distilled water. 
 
Table 4.3a – QCM # 1 Step measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 4991575.0 0.0 0.0 0.0 
Spin Coated QCM 4986975.0 -4600.0 81.3 166.6 
Rinsed QCM 4991146.0 4171.0 -73.7 -151.1 
 
Table 4.3b – QCM # 2 Step measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 4998508.3 0.0 0.0 0.0 
Spin Coated QCM 4994025.0 -4483.3 79.2 162.4 
Rinsed QCM 4997963.0 3938.0 -69.6 -142.7 
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Table 4.3c – QCM # 3 Step measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Original QCM* 0.0 0.0 0.0 0.0 
Cleaned QCM 4995283.3 0.0 0.0 0.0 
Spin Coated QCM 4990758.3 -4525.0 79.9 163.9 
Rinsed QCM* 4994542.0 3783.7 -66.8 -137.1 
 
 
Table 4.4.  QCM overall measurements for cleaned with piranha solution, , TEOS precursor spin coating at 
3000 rpm for 30 sec., and TEOS coating rinsing with distilled water. 
 
Table 4.4a – QCM # 1 Overall measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Original QCM* 0.0 0.0 0.0 0.0 
Cleaned QCM 4991575.0 0.0 0.0 0.0 
Spin Coated QCM 4986975.0 -4600.0 81.3 166.6 
Rinsed QCM* 4991146.0 -429.0 7.6 15.5 
 
Table 4.4b – QCM # 2 Overall measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 4998508.3 0.0 0.0 0.0 
Spin Coated QCM 4994025.0 -4483.3 79.2 162.4 
Rinsed QCM* 4997963.0 -545.3 9.6 19.8 
 
Table 4.4c – QCM # 3 Overall measurement 
Sample Frequency Peak (Hz) 
Frequency 
Difference 
(Hz) 
Mass 
Density 
(ug/cm^2) 
Mass 
Difference 
(ug) 
Cleaned QCM 4995283.3 0.0 0.0 0.0 
Spin Coated QCM 4990758.3 -4525.0 79.9 163.9 
Rinsed QCM* 4994542.0 -741.3 13.1 26.9 
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Another way of showing the QCM frequency changes is to plot the frequency peaks 
obtained vs. the corresponding processing step, showing frequency changes from one 
processing step to the next. This will help understand how QCM analysis can be 
translated into mass changes during deposition. 
 
Figure 4.22 shows a graph for 3 different QCM experiments in a step measurement.  Two 
resonance frequencies were observed.  The first resonance frequency corresponds to MPS 
coated and condensed on the substrate, and the frequency decreases in the order of 50 Hz.  
The second resonance frequency corresponds TEOS precursor spin coating, dried, and 
rinsed with distilled water (Figure 4.23).  
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Figure 4.22. QCM step measurement for different processing steps: 1 - Cleaned QCM, 2 - Coated QCM 
with 40 mM MPS, 3 - Immersed QCM in 0.01 M NaOH and dried after 1 hour, 4 - Immersed QCM in 
0.01 M NaOH and dried after 1 week, 5 - Coated QCM with TEOS and dried after 1 hour, 6 - Coated 
QCM with TEOS and dried after 1 week, 7 - Rinsed QCM with distilled water. 
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Figure 4.23. QCM step measurement for different processing steps: 1 - Coated QCM with TEOS and 
dried after 1 hour, 2 - Coated QCM with TEOS and dried after 1 week, 3 - Rinsed QCM with distilled 
water. 
 
 
Similar analysis is performed for a QCM without MPS and spin coated with TEOS.  
Figure 4.24 shows the frequency changes for initial cleaned QCM, spin coated TEOS, 
and finally rinsed with distilled water TEOS coated QCM.  In this case a decrease in 
frequency represents TEOS deposited in the QCM electrode followed by an increase 
representing the removal after rinsing. 
 
4986000.0
4988000.0
4990000.0
4992000.0
4994000.0
4996000.0
4998000.0
1 2 3
Process ing Step
Fr
eq
ue
nc
y 
M
ea
su
rm
en
t (
H
z)
QCM # 1 QCM # 2 QCM # 3
5000000.0
 
 
 
 
 
 
 
Figure 4.24.  QCM step measurement for different processing steps: 1 - Cleaned QCM, 2 - Coated QCM 
with TEOS, 7 - Rinsed QCM with distilled water. 
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Comparing all the results and taking into account of reported accuracy7 of QCM, the 
standard deviation based on 3 measurements in the same experiment can be obtained.  
Cleaning the QCM chrome/gold electrodes using piranha solution can be interpreted as 
etching a thin layer from the gold electrode resulting in a small increase in frequency.  
However, measuring a cleaned QCM we found an error of ±19.6Hz, which is similar to 
the error of a QCM (i.e. ± 20.0 Hz). On the other hand, coating with MPS, the resonance 
frequency showed a significant decrease of 50 to 60 Hz, indicating an actual deposition 
of MPS layer.  The error for measurements after MPS coating is ±21.0Hz, after MPS 
condensation with NaOH is ±10.7Hz dried after 1 hour and dried after 1 week is 
±31.3Hz. The difference between 1 hour and 1 week drying may be due to the less solid 
bonding to the gold electrode resulting in a smaller frequency shift.  These values are 
close to the reported error for QCM. Furthermore, after TEOS precursor spin coating and 
rinsing thousands of hertz in frequency change are measured.  Correspondent errors are 
±29.8Hz for spin coating, and ±35.9Hz for rinsing with distilled water.  Overall, errors 
are around ±28Hz, demonstrating the capability of measuring MPS monolayer deposition 
and TEOS precursor deposition. 
 
In the case of TEOS precursor spin coated on QCM without MPS we observed an error of 
±18.3Hz for cleaned QCM, ±17.5Hz for spin coated with TEOS precursor, and ±31.6Hz 
after rising with distilled water.  Errors for both conditions, QCM coated with and 
without MPS, are similar in magnitude suggesting a general error of ±25 Hz in these 
experiments.  This average error from all measurements represents ± 0.9 µg error, which 
is within the reported error from the QCM manufacturer (i.e. ± 1.5 ppm). 
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In summary, initial experiments for synthesis of adsorbents were presented, followed by 
two approaches to deposit adsorbents on substrates.  Experiments were carried out for 
glass substrates by modification and treatment of slurry and glass substrates.  Meanwhile, 
spin coating of TEOS precursor was developed to promote more homogeneous coatings 
and avoid heat treatment by chemical reactions between substrate surface and TEOS 
precursor. 
 
Metal substrates were studied as well.  An external agent 3-Mercaptopropyl 
trimetxoysilane (MPS) was used to transform the metal substrate surface into a silanol 
surface to facilitate binding with TEOS.  TEOS precursor was spin coated on different 
substrates with and with out MPS.  Results were verified using Quartz Crystal 
Microbalances (QCM) which is designed to detect thin solid layers deposited on its 
surface by resonance frequency shift.  Assuming homogeneously deposited TEOS layer, 
the frequency differences can be translated into mass of the thin layers deposited on 
QCM electrode. It was shown that MPS can bind TEOS to copper substrate after rinsing 
whereas without MPS, TEOS was removed from copper after rinsing. 
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CHAPTER 5 – SUMMARY, CONCLUSION AND FUTURE WORK 
 
Summary 
 
In this thesis the adsorbent capability of oxides, specifically for applications such as 
catalytic converters and gas sensing applications, was the focus of study.  Improvements 
in enhancing the materials properties and finding a systematic process to deposit oxides 
on metallic substrates with strong binding were investigated.  Using a colloidal approach 
where adsorbent is precipitated in the presence of the support, and then the adsorbent 
properties were greatly improved.  In particular, the precipitation of manganese oxide in 
the presence of either aluminum hydroxide or alumina, where three study cases proved 
enhancement due to manganese precipitant morphological transformation, Al:Mn ratio 
1:1, for Al2O3-supported manganese and Al(OH)3-supported manganese, and ratio 1:10 
for Al(OH)3-supported manganese.  Specific surface area improves from low values (e.g. 
2 m2/g for manganese hydroxide) to high values (i.e. 17 m2/g when precipitated in the 
presence of alumina and 57 m2/g when precipitated in the presence of aluminum 
hydroxide at Al:Mn ratio 1:1).  Also, surface area increased after hear treatment at 500°C 
for 4 hr (i.e. 157 m2/g for Al(OH)3 supported manganese Al:Mn ratio 1:1).  On the other 
hand, molar composition Al:Mn ratio 1:10 had specific surface area initially between 
values of Al(OH)3 (i.e 12 m2/g) and Mn(OH)2 (i.e. 2 m2/g). 
 
Morphological changes are the main factor in the enhancement of adsorbent precipitation 
in the presence of support, which are directly related to the pH condition of the 
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precipitation.  Manganese precursor without the presence of support had a pH value of 3-
4.  When precipitating in the presence of alumina or aluminum hydroxide, the precursor 
pH range is 5-7.  This difference in pH condition influences the precipitation of Mn(OH)2 
to be either “spherical” when pH is low or “cylindrical” particles when pH is high thus 
increasing their specific surface area. 
 
A theoretical analysis was developed to understand how cylindrical particles may have 
significantly higher surface area than spherical particles.  Initially a single particle 
analysis reveals this is not possible.  Then, assuming that a manganese spherical particle 
of about 300 nm held several single particles of about 70 nm, i. e.,  relating a spherical 
volume to “N” cylindrical particles, it is possible to explain the higher surface area of 
cylindrical particles.  A graph for ideal density and radius (i.e. ρ and R equals unity) and 
multiple values of N (i. e. 1, 2, 3, and 4) and ratio of length to radius of cylinder (i.e. α 
range = 0 – 25) was shown. Using the correspondent experimental values of density and 
radius of manganese hydroxide (i.e. ρ=4.5 g/cc and R=300 nm), and the specific surface 
area and ratio of length to radius of cylindrical particles calculated from ESEM 
micrographs (i.e. SSA = 17 m2/g and 57 m2/g; α = 9.8 and 5.9; respectively), values for N 
ranges 3-4 is shown for Al2O3 supported MnOx, and 9-10 for Al(OH)3 supported MnOx. 
 
Stable chemical homogeneity is shown by Energy Dispersive Spectroscopy, EDS, 
indicating the stoichiometry is maintained after heat treatment.  X-ray Diffraction showed 
that manganese hydroxide did not have a phase transformation when heat treatment is 
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applied suggesting the alumina support works to stabilize the manganese hydroxide 
phase.  
 
Zeta potential measurements showed that the supported Mn(OH)2 behaved similarly to 
that of pure alumina or aluminum hydroxide.  This is consistent with a high solubility of 
Mg2+ in the Mn(OH)2, as calculated using the solubility parameter, Ksp, confirming that 
manganese hydroxide did not transform to MnOx when precipitated in the presence of 
support. 
 
The second application studied in this thesis was adsorbents deposition on surfaces 
substrates for gas sensing applications using microcantilevers.  Different substrates were 
used, such as glass and noble metals.  Initially, experiments in glass substrates were used 
for qualitative observations, and were chemical and physical approaches were studied 
before and after distilled water rinsing to confirm binding.  Slurries were initially used to 
promote deposition by microvolumes, and pH treatments of slurries and substrates to 
promote binding of chemical and physical nature.  In the end, deposition by chemical 
bindings were more adequate for silica slurries depositions, where condensation reactions 
helped binding between silanol groups when slurry pH was in a range of 7-10, and 
indistinctive of basic treatment to the substrate.  On the other hand, alumina slurries had 
better deposition on glass substrates when glass had basic pH values (8-10) and the slurry 
had acidic pH values (2-4). 
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A second approach for the glass substrates was spin coating of TEOS precursor solution.  
Following the preparation of mesoporous silica, the solution obtained before drying was 
spin coated on glass substrates at 3000 rpm for 30 sec. to understand the behavior of 
adsorbent deposition without heat treatments.  A more homogeneous and better 
distributed layer of silica precursor adsorbent on the surface was observed, allowing a 
final deposition layer of about 50 nm. 
 
After preliminary studies with glass, noble metals were studied.  A preliminary study of 
silica slurry deposition in the presence of a binding agent was presented, which showed 
silica binding after rinsing with distilled water.  3-Mercaptotrimetoxysilane (MPS) was 
used as the binding agent, which allows depositing a monolayer on noble metals to 
modify its surface into a silanol layer which might potentially be used to promote 
adsorbents deposition.  Since precursor spin coating offers a more homogeneous 
deposition, TEOS precursor prepared following reported proceedings was spin coated on 
Quartz Crystal Microbalance (QCM) devices to allow measurement of frequency changes 
corresponding to mass deposition or removal.  QCM showed that MPS can be deposited 
in monolayers while frequency decreased about 20-50 Hz.  On the other hand, once 
TEOS precursor is spin coated the resonance frequency decreases from 4500 to 5500 Hz, 
representing a mass deposition even after water rinsing. 
 
Similar experiments were developed for QCM without MPS deposition, and which 
proved the importance of having a MPS monolayer as binding agent for adsorbent 
precursor deposition.  In this case, the initial deposition presents frequency decreases 
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similarly in thousands of Hertz, but retuning to initial frequency values after water rinsing 
showing the removal of TEOS precursor layers. 
 
Conclusion 
 
In conclusion, catalytic oxides were shown to be improved by a novel processing 
technique, in which the adsorbent is precipitated in the presence of support.  Two major 
conditions are related to the improvement on adsorbents properties.  First is the 
morphological change due to the precipitation conditions of pH and precursor 
concentration. Second is the theoretical analysis to understand how surface area varies 
with morphological changes of particles.  
 
Adsorbents deposition was studied for gas sensing application (i.e. nerve gas simulant, 
DMMP) by microcantilever technology.  It was found that MPS can be used to modify 
metallic surface into a silanol layer and promote chemical binding of adsorbents.  QCM 
was used as quantitative measurement for MPS and TEOS precursor spin coatings, 
offering an accurate measurement of deposited mass by resonance frequency changes. 
 
Future work 
 
Possible future work may be possible for this thesis, by improving some of the points 
discussed previously 
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Starting from the simple single particle analysis, and as shown later using the spherical 
volume proportional to the cylindrical volume analysis for theoretical and experimental 
scenarios, it may be possible to develop a more elegant mathematical analysis where 
more relevant features may be included.  For example, not only one uniform or average 
geometrical behavior, but a more inclusive analysis where cylindrical, spherical, and 
plate-like particles may be included.  As inspected in ESEM micrographs, a higher 
proportion of particles behave as cylindrical or spherical.  But micrographs reveal that a 
mix of all the mentioned geometries may be possible, and a further analysis of its 
respective influence may be important to study. 
 
After Mn(OH)x was present in the alumina and aluminum hydroxide supported powders, 
and understand that temperatures of 500oC for 4 hours did not promote phase 
transformation to MnOx, a systematic analysis of temperature range to achieve supported 
Mn(OH)2 phase transformation to supported MnO2/MnO3 and its corresponding 
characterization may be important to define.  To corroborate that Mn(OH)x changes to 
MnOx zeta potential stands as way to see how pattern previously showed may behave, 
and well as prove that MnOx, instead of Mn(OH)x actually present in the supported 
system.  X-ray diffraction will allow proving phase transformation as well, and further 
more crystallinity achieved.  
 
For the adsorbents deposition there are promising studies that may be developed.  
Experiments with copper substrates, once QCM have proved that binding of MPS and 
TEOS precursor is possible, can be developed to characterize the coatings deposited.  In 
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the case of glass a silica layer was observed on the glass surface, with a thickness of 
about 50 nm after spinning at 3000 rpm for 4 hours.  Copper may work similarly, once 
treated with MPS, and after ESEM observation the silica layer thickness may be 
determine for different spinning speeds and times.  This will allow depositing the thinnest 
possible layer to avoid sensitivity problems in the microcantilever. 
 
Finally, after complete characterization of MPS deposition and adsorbent precursor spin 
coating, development of microcantilevers with adsorbent deposited on surface substrates 
for further gas sensing application analysis may allow determination of effectiveness, 
specificity, and sensitivity of the devices.  Also, the processing of a monolayer of MPS to 
modify noble metal surfaces may allow silanol surface to directly act as adsorbent of 
biochemical gas simulants, simplifying adsorbent deposition and allowing more 
sensitivity to the devices. 
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